We demonstrate a scheme to utilize the stacked fishnet metamaterial for all-angle negative refraction and subwavelength imaging within a wide frequency range starting from zero frequency. The theoretical predictions are verified by the brute-force finitedifference-in-time-domain (FDTD) numerical simulations. The phenomena come from the negative evanescent coupling between the adjacent slab waveguides through the breathing air holes perforated on metal layers.
Since J.B. Pendry proposed perfect lens 1 using left-handed materials 2 , sustained attentions have been drawn to the negative-index metamaterial (NIM) with simultaneously negative permittivity and permeability. The NIM, comprising of subwavelength metallic resonant units, has been designed and realized in both the microwave 3 and optical regime 4 . Negative refraction and subwavelength imaging with NIMs have great application potentials in photonic devices [5] [6] [7] [8] [9] [10] . Among various types of NIMs, one most promising candidate is the so-called fishnet NIM which comprises of alternating metal/dielectric layers perforated with two-dimensional array of holes [11] [12] [13] [14] [15] . The simple structure also provides a feasible solution for optical NIM [16] [17] [18] [19] [20] [21] .
In the previous studies on the fishnet NIMs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , the light waves are incident on the top interface of the metal/dielectric multi-layers. Below the cut-off frequency of air holes the light waves can not penetrate into the structure and the negative index was retrieved within in a narrow frequency range above the cut-off. In this paper, a different incidence configuration is employed by impinging the light waves on the sidewall interface of fishnet NIM that is perpendicular to the metal/dielectric multi-layers. As the uniformly spaced holey metallic layers constitute a multiple of slab waveguides filled dielectric spacer layers, the incidence configuration of this kind enables us to fully exploit the optical properties of the fishnet NIM in the long wavelength limit. We show that the evanescent coupling between the slab waveguides gives rise to all-angle negative refraction and subwavelength imaging in a wide frequency range starting from zero frequency. guided Bloch waves in terms of periodicity in xy plane. By applying the boundary continuity conditions at the interfaces of metal/dielectric layers (over the air holes) and the periodic boundary condition along z direction for tangential components of both the electric and magnetic fields, we can rigorously resolve the dispersion relation of the three-dimensional stacked structure by the modal expansion method [22] [23] [24] [25] . At wavelengths much longer than both the thickness h of dielectric layer and the size a of square hole, the calculations are quickly convergent with just one or a few more local modes considered in hole waveguide. The optical properties of such a system can be described with the coupled wave equation [26] [27] [28] by considering the coupling between the n th waveguide channel and its nearest neighbors, the (n − 1) th , (n + 1) th waveguide channels, as:
Where a n (x) denotes the wave fields in the n th slab waveguide, C is the coupling coefficient, and β is the propagation constant of free photons in the dielectric. Under the periodic boundary condition along z direction, the dispersion of the system takes the form as
where k x and k z are the vector components along the x and z directions. At k z = 0, the coupling coefficient C = 0 is zero (as aforementioned no evanescent coupling occurs) and we have k x = β which is rightly the light line in the dielectric. While at k z = 0, the coupling coefficient C is always negative in the limit of long wavelength (which can be deduced from the charts in Fig. 3(a) ), giving rise to all-angle negative refraction. We note that the silver/dielectric multi-layered structure also supports all-angle negative refraction in a certain optical frequency regime under the same incidence configuration of our study 29 .
The long range SPPs play an important role for the negative refraction. We also note that, The picture may be helpful to explain the low loss measured in a recent experiment about fishnet optical NIMs 16, 19 .
One important application of all-angle negative refraction is flat lens. The imaging performance of our stacked fishnet metamaterial is examined by the brute-force FDTD numerical simulations. As shown in Fig. 4(a) , a monochromatic line source with a frequency at 11GHz
is positioned 15mm away from the surface at the left side of the fishnet structure. The snap shot shown in Fig. 4(a) clearly indicates a high-quality image achieved at the image planeabout 15mm away from the outgoing interface at the other side. The image resolution can be checked by the normalized magnetic field profile at image plane. As illustrated in Fig. 4 (b), alongẑ axis, the full width at half maximum (FWHM) of the field profile is 10mm about one-third of the wavelength. The FWHM at a lower frequency still remains at about 10mm, leading to a better resolution in subwavelength scale along theẑ direction. But a longer structure along x direction is required due to stronger collimation effect at lower frequency. Further simulations indicate that the subwavelength imaging can be achieved in far-field (not shown).
In conclusion, the fishnet metamaterials can operate as plasmonic waveguide arrays. Our findings about the broadband negative refraction and subwavelength imaging in the long 
